Candida tropicalis can ferment both hexose and pentose sugars. Here, we have used 31 P and 13 C nuclear magnetic resonance spectroscopy to study the capacity of this yeast species to metabolize glucose or xylose when immobilized in small (<1-mm-diameter) agarose beads. Immobilized C. tropicalis metabolizing glucose showed rapid initial growth within the beads. A corresponding drop in the intracellular pH (from 7.8 to 7.25) and hydrolysis of intracellular polyphosphate stores were observed. Although the initial rate of glucose metabolism with immobilized C. tropicalis was similar to the rate observed previously in cell suspensions, a decrease by a factor of 2.5 occurred over 24 h. In addition to ethanol, a significant amount of glycerol was also produced. When immobilized C. tropicalis consumed xylose, cell growth within the beads was minimal. The intracellular pH dropped rapidly by 1.05 pH units to 6.4. Intracellular ATP levels were lower and intracellular P i levels were higher than observed with glucose-perfused cells. Consumption of xylose by immobilized C. tropicalis was slower than was previously observed for oxygen-limited cell suspensions, and xylitol was the only fermentation product.
Whole-cell immobilization can enhance the glucose fermentation kinetics of entrapped yeasts relative to that of cell suspensions (8-10, 13, 19, 26, 27, 29) . In this investigation, we have studied whether cell immobilization can improve ethanol yields in glucose-or xylose-metabolizing Candida tropicalis (14) . Our earlier work with C. tropicalis has concentrated on increasing the ethanol yields from xylose by regulating the oxygen level or by using metabolic inhibitors (15) . Ethanol production was most improved with the addition of azide. 31 P nuclear magnetic resonance (NMR) spectra of C. tropicalis fermenting xylose in the presence of azide showed that the cells had a more acidic intracellular pH than untreated cells; this study and other studies suggest that azide acts primarily as an uncoupler under these conditions (18) . Some success in improving ethanol yields in xylose fermentations with C. tropicalis was also achieved by adding polyethylene glycol (PEG) to the medium (12) . PEG can alter membrane structure, and it has also been suggested that it can act as a weak uncoupler (1) . 31 P NMR studies have shown that C. tropicalis loses its ability to maintain a transmembrane pH gradient upon exposure to PEG, although cells preadapted to PEG are less sensitive to this compound (17) .
Several short-term (2-to 3-h) NMR studies of anaerobic glucose metabolism with immobilized nongrowing yeast strains have been reported (8) (9) (10) 27) . Acidification of the intracellular milieu in Saccharomyces cerevisiae cells immobilized in calcium-alginate has been observed (8, 10) . The lower intracellular pH was proposed to contribute to the higher rate of glucose fermentation in immobilized cells than in cell suspensions (9) , since protons have a positive allosteric effect on the enzyme phosphofructokinase and stimulate the flow of carbon through glycolysis (2, 23) . Since the addition of azide and PEG also results in an intracellular acidification and faster fermentation kinetics in C. tropicalis metabolizing xylose, it is possible that encapsulation of cells in gelled polymers could be beneficial for pentose fermentations with this organism. Although aerobic processes are generally known not to benefit from immobilization because of oxygen diffusion limitations within the beads (22, 25) , pentose fermentation in C. tropicalis requires only very small amounts of oxygen (15, 18) , and this level is perhaps in the range afforded inside the immobilization matrix. The NMR study described here compared glucose and xylose metabolism by agarose-immobilized C. tropicalis for 24 h, under conditions in which cell growth within the beads is possible.
MATERIALS AND METHODS
Organism and cultivation conditions. C. tropicalis ATCC 32113 was maintained as described previously (18) . Cells were grown in 1 liter of yeast nitrogen base (YNB) minimal medium (Difco) supplemented with 50 g of glucose or xylose per liter in a 2-liter unbaffled Erlenmeyer flask at 30ЊC and with 140-rpm shaking. To allow for a comparison with immobilized-cell preparations, C. tropicalis doubling times were estimated by monitoring the increase in optical density at 620 nm of batch cultures composed of YNB glucose or xylose medium diluted 1:1 with MES (morpholineethanesulfonic acid)-salt buffer (50 mM MES [pH 6.0], 2.5 mM MgCl 2 , 10 mM KCl, and 2.4 mM CaCl 2 [20] ). The latter experiments were performed at 25ЊC.
Preparation of immobilized cells for NMR work. Whole-cell immobilization was performed under sterile conditions, essentially as described by Nilsson et al. (21) . A 4.0-g (wet weight) sample of C. tropicalis cells was resuspended in MES-salt buffer to give a 20-ml final volume. The cells were rapidly warmed to 37ЊC and were mixed with 20 ml of a 4% low-temperature-gelling agarose solution (Sigma Type VII) in MES-salt buffer of the same temperature. The cell-agarose mixture was then quickly transferred to 400 ml of canola oil (also at 37ЊC). Droplets were generated with a magnetic stirring device. Rapid cooling to 15ЊC with external application of ice to the beaker containing the oil and agarosecell droplets generated beads with a 2% final concentration of agarose and a cell density of 0.1 g (wet weight) of cells per g of bead mass. The beads were then sized on wire nets and washed extensively with MES-salt buffer to remove associated oil.
For NMR experiments, 10 g (drained weight) of beads initially containing 1.0 g (wet weight) of C. tropicalis cells was allowed to settle into a 15-mm-diameter NMR tube. A sealed capillary containing 0.2 M methylene-diphosphonic acid was included as a chemical shift and intensity reference for the 31 P NMR studies. A modified Teflon plug allowed incoming perfusion medium to enter at the bottom of the NMR tube; exiting medium was siphoned off at the top. For 31 P NMR studies, the beads were perfused at various rates (see below) from a reservoir containing oxygen-saturated perfusion medium (YNB glucose or xylose medium diluted 1:1:2 with MES-salt buffer and distilled water, respectively). In order to minimize contributions from cells escaping from the bead matrix, the medium was not recycled. Oxygen measurements of ingoing and outgoing perfusion medium were made with a YSI model 530 biological oxygen monitor (Yellow Springs Co., Inc., Yellow Springs, Ohio). The electrodes were calibrated with perfusion medium bubbled with either pure oxygen or nitrogen.
For the 13 C NMR studies, in which the rates of sugar uptake and product formation were monitored, the beads were perfused with 100 ml of recycled oxygenated medium. Cells released from the beads over time (Ͻ1% of the total) were removed by periodic Millipore filtration.
NMR spectroscopy. NMR spectra were obtained at 25ЊC on a Bruker AM-400 wide-bore spectrometer using a 15-mm 13 C-31 P switchable dual-tuned probe. Phosphorus-31 NMR spectra were recorded at 161.8 MHz with a recycle time of 10 s (fully relaxed) and a 60Њ flip angle. 31 P NMR spectra of perfused, immobilized cells were acquired in 1-h blocks (360 scans) over a 24-h period. In order to determine the cytoplasmic intracellular pH (pH int ), the chemical shift of the intracellular cytoplasmic P i (P i int ) resonance was monitored and compared with a P i titration curve obtained in yeast salt medium (4) . Natural-abundance, proton-decoupled carbon-13 NMR spectra of perfused, immobilized cells were acquired in blocks of 360 scans (1 h) with a 10-s delay between pulses (70Њ pulse angle). Under these fully relaxed conditions, the signal areas within one spectrum are directly comparable.
RESULTS

Phosphorus-31 NMR studies of agarose-immobilized cells.
Typical NMR spectra of glucose-and xylose-perfused agaroseimmobilized C. tropicalis are shown in Fig. 1 . In the glucoseperfused cells (Fig. 1A) , the chemical shift of the P i int resonance is downfield from that of extracellular P i (P i ext ), indicating a high pH int and hence a fairly large transmembrane pH gradient. The area of the P i int peak is small, the sugarphosphomonoester (SP) peak is large by comparison, and the ATP peaks are clearly visible. In xylose-perfused C. tropicalis (Fig. 1B) , the P i int resonance is shifted upfield and merges with the P i ext resonance. The integrated area of the P i int peak is larger than that for SP; moreover, the amount of ATP is small, and its corresponding signals are poorly resolved from the neighboring terminal polyphosphate and NAD(P) peaks. These data suggest that xylose-perfused cells are less energized than their glucose counterparts, as indicated by the low ATP levels and the lower membrane proton gradient (the difference in chemical shift between the P i int and P i ext resonances) in the former case.
The pH-sensitive chemical shift of the P i int resonance, as measured in consecutive 31 P NMR spectra, was used to monitor the time-dependent behavior of the apparent pH int (pH app ) in immobilized C. tropicalis cells metabolizing glucose or xylose (Fig. 2) . Apparent values are presented here, since the exact intracellular ion composition for immobilized C. tropicalis is unknown, and this parameter can affect the P i chemical shift somewhat (6) . The pH app decreases in the course of experiments with glucose (7.8 to 7.25 U); a dramatic pH decrease is seen for the xylose-perfused cells (7.45 to 6.4 U). We have shown elsewhere that the cytoplasmic pH in suspensions of C. tropicalis metabolizing xylose is directly related to the level of oxygenation of the cells (16) . A pH app of 6.4 suggests that the cells are experiencing fairly anoxic conditions within the beads. This was somewhat surprising to us, since the medium was oxygen saturated and the beads were small. However, a perfusion rate of 1.4 ml/min might be too low to afford the optimal oxygen delivery to the entrapped cells. Thus, in a separate experiment, the rate of perfusion was increased to 10 ml/min. Under these conditions, the outgoing medium still had a level of 56% O 2 saturation; nevertheless, on January 12, 2018 by guest http://aem.asm.org/ the pH app profile was essentially the same as was observed with the 1.4-ml/min perfusion rate (Fig. 2) . Since the perfusion medium in these experiments was not recirculated, further experiments were performed with a perfusion rate of 1.4 ml/ min, which utilized less medium.
A novel approach to measure the cell growth within the agarose beads by 31 P NMR was employed in this study. The phosphodiester (PDE) peak in the 31 P NMR spectra arises primarily from the phosphomannan in the cell wall (7); hence, by monitoring the increase in the PDE peak area as a function of time, we have a simple measure of cell growth. The doubling time of entrapped C. tropicalis cells was estimated from a semilog plot (Fig. 3) . Immobilized cells metabolizing glucose clearly show an initial linear phase with an apparent cell doubling time of 3.5 h, which is slightly longer than the value of 2.4 h obtained with batch cultures of C. tropicalis grown in similar medium at 25ЊC (results not shown). The initial cell loading density in these experiments was 0.1 g (wet weight) of cells per g of bead mass. After 15 h, an estimated 2.5 doublings have taken place and further increases in the PDE area are not observed. With close to 0.6 g (wet weight) of cells per g of bead mass in the latter stages of the glucose perfusions, it is highly likely that the bead capacity is reached. Agarose-entrapped C. tropicalis cells metabolizing xylose grew less well within the beads, having an apparent cell doubling time of 17 h. This is 6.3 times longer than observed in batch culture at 25ЊC with 140-rpm shaking (data not shown).
The changes in the levels of intracellular phosphorylated metabolites as a function of time are depicted in Fig. 4 . These values have been adjusted to compensate for cell growth within the beads. The SP, P i int , and polyphosphate chain (PP n ) values for the glucose-perfused, immobilized cells show a general decrease in the first 5 h, whereas the xylose-perfused cells have values which remain approximately constant for the length of the perfusion. Although initially higher, the PP n levels in glucose-perfused cells fall to levels near those of xylose after 5 h. The rapid decrease in PP n levels during the first 5 h suggests that cell growth in the beads occurs under fairly anoxic conditions, in agreement with results of studies with C. tropicalis cell suspensions (16) which demonstrated that PP n hydrolysis occurs only under anaerobic conditions in the presence of a metabolizable carbon source.
Estimates of the concentrations of intracellular phosphorylated metabolites in immobilized C. tropicalis are presented in Table 1 . These values are averages obtained between 6 and 24 h after the start of the perfusions, to allow the cells to adapt to the immobilized state. We also normalized the data to compensate for cell growth within the beads. The results show that glucose-metabolizing cells have higher SP, ATP, and UDPG levels and lower P i int levels than cells perfused with xylose. The polyphosphate chain lengths and concentrations, however, are quite similar.
The vacuolar pH of immobilized C. tropicalis was determined from the difference between the chemical shift of the terminal polyphosphate resonance and that of the longer PP n s (data not shown). Both glucose-and xylose-metabolizing immobilized cells have a vacuolar pH of 6.2, a value which is slightly more alkaline than was observed with C. tropicalis cell suspensions (16 (16) and suggest that the immobilization process does not affect the free vacuolar or cytoplasmic Mg 2ϩ level. Carbon-13 natural-abundance NMR studies of immobilized C. tropicalis. The effect of agarose immobilization on fermentation kinetics was studied by 13 C NMR. The observed rate of glucose or xylose metabolism in the immobilized state was compared with theoretically predicted rates obtained with C.
tropicalis cell suspensions (16) in Fig. 5 . Glucose metabolism by the immobilized cells was initially quite similar to the theoretical rate but decreased with time so that overall glucose consumption was 2.5 times slower than predicted (Fig. 5A) . In addition, the by-product glycerol constituted 14% of the total product yield. The rate of xylose metabolism with C. tropicalis was severely restricted even from the start of the experiments, and xylitol was the only fermentation product observed in the NMR spectra (Fig. 5B) . Attempts to improve the rate of xylose metabolism by increasing the perfusion rate (thus potentially increasing the oxygen delivery to the entrapped cells) were not successful in reducing xylitol levels or enabling the cells to produce ethanol (results not shown).
DISCUSSION
In this study, low-temperature-gelling agarose was used as an immobilization matrix since it does not require cations for maintaining bead integrity as is the case with calcium-alginate and K-carageenan beads. Ca 2ϩ can inhibit ethanol production in S. cerevisiae (13) , and K ϩ reduces the specific oxygen uptake rate in Streptomyces clavigerus (25) . Low initial cell loading densities (0.1 g/g of beads) and a very small bead size (between 0.5 and 1 mm in diameter) were used in this study in order to optimize the transfer of oxygen and nutrients. Growth of C. tropicalis within the agarose beads was estimated from the increased PDE area as a function of time in consecutive 31 P NMR spectra. It was assumed that the phosphomannan component of the cell wall, which makes up the majority of this peak (7), would give an accurate estimate of cell growth. Nevertheless, in light of the fact that long-term immobilization can affect the cell wall composition (5) as well as the size of the embedded microorganism (26), we compared electron micrographs of immobilized C. tropicalis with log-phase cells from batch cultures. No differences in the thickness of the cell wall or cell morphology were observed in these short-term studies (results not shown). With these considerations in mind, the initial growth of C. tropicalis within the beads (as estimated from the increase in PDE area) was quite good when glucose was the carbon source and poor when xylose was metabolized. The reason for this difference is discussed below.
Although the general morphology of C. tropicalis was unchanged by the immobilization process, agarose-entrapped cells differed physiologically in a number of ways from cells in suspension (16) . The ATP levels are three-to fourfold lower in the immobilized cells; thus, less energy may be available for the optimal functioning of the cytoplasmic and vacuolar ATPases. In support of this, a more acidic cytoplasmic pH and more alkaline vacuolar pH were observed in the immobilized cells than in cell suspensions. The level of UDPG, a precursor for the biosynthesis of cell wall components and storage carbohydrates, was also lower (by a factor of 2) in immobilized C. tropicalis. This is reflected in the lower rate of cell growth in the agarose beads than in batch culture. In contrast to our results, S. cerevisiae has been reported to have higher UDPG levels when entrapped in Ca-alginate (9) . S. cerevisiae also synthesizes comparatively more trehalose and glycogen when immobilized (5, 10). We did not observe trehalose and glycogen resonances in our 13 C NMR spectra with immobilized C. tropicalis (results not shown), although glycerol production (possibly in response to osmotic stress imposed by the immobilization matrix or a redox imbalance within the cells) was observed.
The pH int was altered significantly when C. tropicalis was immobilized. The drop of 0.58 pH units in the course of glucose perfusions was unexpected, since C. tropicalis cell suspen- (16) . The dramatic drop of 1.05 pH units observed for xylose-perfused cells was also unexpected, considering the small bead size and oxygen-saturated perfusion medium employed in these studies. The pH int values observed with immobilized C. tropicalis could be artificially low because of changes in intracellular cation levels during the entrapment process. However, we have observed here that the levels of free cytoplasmic and vacuolar magnesium were not altered by the immobilization process. In addition, a previous 23 Na and 39 K NMR study (17) revealed that the intracellular sodium and potassium levels are higher in immobilized C. tropicalis cells than in cell suspensions, which should result in a more alkaline cytoplasmic pH app . Thus, the acidification of the cytoplasm of C. tropicalis in response to agarose immobilization is real and might well be somewhat greater than the values recorded here.
Treatment of suspensions of C. tropicalis cells metabolizing xylose with azide (15) and PEG (12) resulted in decreased pH int values and improved ethanol yields compared with those of untreated cells. Likewise, the lower pH int in Ca-alginateimmobilized S. cerevisiae was proposed to contribute partly to the improved ethanol yield (9) . With the significant acidification of the intracellular environment observed for agaroseentrapped C. tropicalis cells, it was expected that faster fermentation kinetics than that of cell suspensions (16) might be possible. However, our 13 C NMR studies show conclusively that neither glucose nor xylose metabolism with C. tropicalis is enhanced by the immobilization process. A possible explanation for the observed decrease in the overall rate of glucose utilization with agarose-entrapped C. tropicalis may be that because of rapid early growth within the beads, only the cells at the bead periphery can metabolize glucose efficiently in the latter stages of the perfusion experiments. This phenomenon has been noted before for immobilized S. cerevisiae preparations (29) . Indeed, C. tropicalis does appear to metabolize glucose at a rate similar to that of suspended cells in the first few hours of the glucose perfusions, but the efficiency decreases thereafter. The significant drop in pH int in these glucose perfusions might be explained by the fact that because of rapid initial cell growth, cells in the bead interior are starved for carbon in the latter stages of these perfusions and are consequently unable to maintain large transmembrane pH gradients.
In the case of xylose perfusions, the growth of C. tropicalis within the agarose beads was slower; hence, xylose accessibility to the bead interior should not be as much of a problem as with glucose perfusions. Still, the observed rate of xylose metabolism by immobilized C. tropicalis cells is lower at all stages of the experiment than theoretically predicted from data obtained with oxygen-limited cell suspensions (16) . The most likely factor limiting xylose metabolism by agarose-entrapped C. tropicalis is a lack of oxygen. Cell suspensions metabolizing xylose under oxygen limitation (under which ethanol production is optimal) have a pH int of 6.85 (16) , whereas immobilized cells perfused with xylose have a fairly anoxic pH int of only 6.4. This implies that the level of oxygenation experienced by the cells within the beads is not sufficient for efficient xylose metabolism (16) . Oxygen delivery to entrapped cells is a function of many variables (22) . Although the oxygen diffusibility in 2% agar is about 70% of that found in water (24) , oxygen was shown to penetrate only 150 m below the surface of calciumalginate beads incubated with growing microorganisms (3) . With this estimate as a guide, the interior 34% of our 1-mmdiameter beads might well be anaerobic, with a gradient from aerobic to anoxic conditions persisting in the remaining twothirds of the bead. The lack of ethanol in our 13 C NMR spectra might be explained by the fact that this fermentation product can be assimilated oxidatively by aerobic cells on the bead surface, further stressing the complications which can arise when cells are immobilized (for an overview, see reference 11).
